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ABSTRACT 
Anthropological investigation of mass burials is a process that has social and 
judicial ramifications requiring competent and thorough comprehension of the 
decompositional transformations occurri ng between the moment of burial and 
exhumation. A unique rnicroenvironment is created by the soil and intermingling 
organisms during the decomposition process which is further altered by the presence of 
single or multiple bodies within a burial. This thesis was designed to clarify the 
distinction between mass grave and single grave decomposition rate by identifying the 
differences between factors affecting decomposition. The study required the 
experimental interment of five porcine (Sus scrofa Linnaeus) carcasses to simulate single 
and mass burials of human remains . Two animals were interred in two separate single 
burials and the remaining animals were placed in one mass burial. They remained buried 
from June to November 2012 , during which time monthly soil samples were extracted 
and analyzed for nutrient content . Following exhumation, qualitative comparisons of the 
V 
stages of decomposition and adipocere formation were developed using established 
scales . The results of this research can be utilized to establish an accurate postmortem 
interval (PMI) for mass graves and enhance the understanding of the factors affecting 
mass grave decomposition. 
Vl 
TABLE OF CONTENTS 
Title 
Reader ' s Approval Page 
Dedica tion Page 
Acknowledgements 
Abstract 
Table of Contents 
List of Tables 
List of Figures 
List of Abbreviations 
Introduction 
Justification of Research 
Literature Review 
Mass Burials and Human Rights 
Factors Affecting Decompositio n 
Temperature 
Insect Activity 
Burial Depth 
Adipocere 
Methods 
Field Site 
Burials 
Human Body Analogues 
Recording and Documentation 
Exhumation 
Results 
SI 
Vll 
1 
11 
111 
IV 
V 
Vll 
Vlll 
IX 
X 
1 
3 
5 
5 
10 
11 
12 
13 
14 
17 
17 
17 
18 
20 
21 
22 
22 
S2 23 
Ml 24 
Soil Environment 27 
Weather 28 
Discussion 30 
Soil 30 
Temperature 31 
Adipocere 33 
Limitations 34 
Conclusion 37 
Appendices 38 
Appendix A: Site Map 38 
Appendix B: Site Diagram 39 
Appendix C: Decomposition Tables 40 
Appendix D: Weather Data 47 
Appendix E: Soil Content Data 50 
List of J oumal Abbreviations 55 
References 56 
Vita 60 
vm 
LIST OF TABLES 
Table Title Page 
1 Variables Affecting decay rate of human body 11 
2 Monthly Soil pH levels. 29 
3 Chart comparing monthly soil pH levels 29 
4 Weather Data for the Time of Burial. 42 
5 Average Monthly Temperatures in Holliston MA, taken 46 
from weather station at Boston University Research 
Facility. 
6 Annual Average Temperature, Holliston, MA (copied from 47 
city-data.com, May, 2012). 
7 Average Internal Soil Temperatures, as extracted from 47 
HOBO Pendant® Temperature/Light Data Logger. 
8 Average Internal Soil Temperature in S2 and Mt, 51 
extracted from HOBO Pendant® Temperature/Light Data 
Logger. 
9 Total Monthly Rainfall in Holliston MA from June to 52 
November 2011. 
10 Annual Average Precipitation, Holliston, MA (copied from 45 
city-data.com, May, 2012) 
11 Monthly Nitrogen levels in soil (lb/a). 53 
12 Comparison of Monthly Nitrogen content in soil. 53 
13 Monthly Phosphorous levels in soil (lb/a). 54 
14 Comparison of Monthly Phosphorous content in soil. 54 
15 Monthly Potassium content in soil. 55 
16 Comparison of Monthly Potassium content in soil. 55 
lX 
Figure Title Page 
1 Pig S1 in single grave , prior to burial. 19 
2 Pig S2 in single grave , prior to burial. 19 
3 Pigs M1-M3 in mass grave , prior to burial. 20 
4 S1 after six months of burial. 24 
5 S2 after six months of burial. 25 
6 M1 Mass burial after scavenger disturbance. 27 
7 Pigs M1 and M2 is burial M1 after six months of burial. 27 
8 Map of Boston University Research Facility. 39 
9 Diagram of Burial Area. 40 
X 
ARF 
ICRC 
ICTR 
ICTY 
IHL 
NOAA 
PHR 
PIS 
PMI 
SIS 
ABBREVIATIONS 
Anthropology Research Facility 
International Committee for the Red Cross 
International Criminal Tribunal for Rwanda 
International Criminal Tribunal for the former Yugoslavia 
International Humanitarian Law 
National Oceanic and Atmospheric Administration 
Physicians for Human Rights 
Primary lnhumation Site 
Postmortem Interval 
Secondary lnhumation Site 
Xl 
Introduction 
Mass burials are complex systems of decomposed remains , created by the 
internment of multiple human bodies in a single large grave for humanitarian, sanitation 
or extra-legal purpose s. The legal creation of mass graves has been sanctioned by the 
world communit y in the aftermath of natural disasters when the exposed remains have 
become health risks to survivors in surrounding areas (Haglund , 2002). In alternate 
cases , however, perpetrators may dispo se of multiple victims in a clandestine grave to 
conceal the evidence of their crimes. The remain s within these mass graves are 
forensically significant because they are often the byproducts of armed conflicts, crimes 
again st humanity and genocide (Schmitt,1997; Haglund , 2001). These mas s graves 
contain physical and narrative evidence of human rights abuses and must be gathered 
carefully and competently by well trained individuals due to the social, legal and political 
ramifications (Nagy,2010 ; Schmitt ,1997; Burns, 1998). These delicate procedures 
require the expertise and cooperation of interdisciplinary forensic teams including 
pathologists, archaeologists , and anthropologists. Forensic anthropologists involved in 
mass grave investigations utilize a holistic approach including cultural behavior, human 
biology , and archaeology (Schmitt, 1997). In order to properly identify the contents of 
real world mass graves , anthropologists assisting in mass grave excavations and 
investigation s need to be familiar with the process of decomposition in mass graves and 
the factors affecting it. Those factors include but are not limited to soil pH , temperature, 
moisture and depth, all of which can potentially accelerate or decelerate the rate at which 
the remains will decompose (Haglund, 2002; Forbes, 2005 ; 10 Mant,1987) . 
1 
Remains decomposing in mass and single graves create unique microenvironments 
based on the variables that surround them and the purpose of this thesis is to identify 
these factors (Schmitt, 1997). The creation of three experimental graves will help 
compare and contrast decomposition rates and factors over a five month period. 
Documenting the decomposition process of mass graves and comparing it to known rates 
of single grave decomposition may begin to satisfy the dearth of research in mass grave 
situations outside of legal reports. The ultimate objective of this thesis is to add to 
decomposition knowledge and improve the real world investigation of mass graves. 
2 
,Justification of Research 
In the last three decades, over 250 armed conflicts and wars have been waged 
internat ionally, culminating in the deaths of over 170 million men, women, and children 
(Steadman and Haglund, 2005). The protection of civilians in times of war is expressly 
guaranteed under the Fourth Geneva Convention, forcing perpetrators to conceal their 
crimes or be brought to trial in a court of International Human Rights Law (ICRC, 
1949)(1nternational Committee of the Red Cross). Masking the evidence of millions of 
murder often requires the creation of mass graves to hold the remains of multiple victims 
(Skinner, 1987). Clandestine mass graves have been tools of combat for centuries and 
more recently in WWII, Bosnia and Herzegovina, Rwanda, Argentina, Iraq, Croatia and 
Kosovo (Mant, 1987; Stover et al., 2003). Forensic investigators have been used in these 
and other countries to obtain physical evidence and exhume human remains from mass 
graves (Steadman and Haglund, 2005). Exhumations of mass graves have legal and 
interpersonal ramifications. Physical evidence from mass graves are presented in courts 
to solidify cases against perpetrators (Haglund et al., 2001). The evidence also creates a 
historical record for the country in question as well as an international deterrent for future 
atrocities (Haglund et al., 2001; Stover et al., 2003). Psychologically, identification of 
victims provides closure to grieving families and justice to a nation (Stover et al., 2003). 
The duty of the forensic expert is to be aware of these factors in the course of their work 
and endeavor to gather physical evidence as comprehensively as possible utilizing current 
methods and research. The physical evidence contained in mass graves includes 
postmortem interval (PMI), victim identities, antemortem trauma, and cause of death 
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(Skinner, 1987). The manner and amount of evidence obtained from buried remains 
depends upon the state of the decomposition of the remains (Fiedler et al., 2009). 
Remains in a mass grave decompose differently than remains decomposing individually, 
due to the unique microenvironment created by commingled remains (Haglund et al., 
2001). By understanding the exact variations that separate single grave decomposition 
from decomposition in mass graves, anthropologists and other forensic experts can more 
accurately estimate PMI and evaluate other forms of evidence. The following research 
has become more relevant as a study by Steadman and Haglund estimates an increase in 
anthropology investigations of human rights cases (Steadman and Haglund, 2005). 
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Literature Review 
Mass Burials 
There is no generally agreed upon definition of a mass burial. The characteristics 
used to qualify a mass burial are the number of individuals present, their manner of death, 
commonality of their ancestry and the physical composition of the grave (Haglund, 
2002). The International Criminal Tribunal for the Former Yugoslavia (ICTY) functions 
under the UN Special Rapporteur ' s definition of mass grave as an area where three or 
more victims of extra-judicial , summary, or arbitrary executions, not having died in 
combat or armed confrontation s are buried (ICTY, 1997). The definition used by the UN 
is for the primary purpose of prosecution and not scientific inquiry. According to Mant , a 
mass grave requires a minimum of two individuals buried in contact with one another 
(Mant, 1987). Skinner, in his discu ssion of recovering evidence from mass graves, 
argues a minimum of six individuals are necessary for a mass burial (Skinner, 1987). His 
discussion also seeks to differentiate between organized and disorganized 
burials(Skinner, 1987). The indiscriminant organization of human remains is factor that 
creates a mass grave, as multiple burials contain remains placed parallel to one another 
explicitly (Skinner, 1987). Jessee's research consolidates previous discus sions into a 
single definition for the combined benefit of the legal and scientific arenas ; 
a mass grave is any location containing two or more associated bodies, indiscriminantly 
or delibratel y pla ced, of victims who have died as a result of extra-judicial, summary, or 
arbitrary executions, not including those individuals who have died as a result of armed 
confrontations or known major catastrophes (Jessee and Skinner, 2005). 
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While this appears to be the most comprehensive definition, forensic experts must 
primarily agree to acknowledge it or another classification in order to promote the 
progression of research of mass graves. The continued requirement for a universal 
typology of mass graves highlights Jessee's fundamental attempt to categorize the sites 
associated with multiple burials by linking them to the manner in which the remains 
entered them (Jessee and Skinner, 2005). A mass grave may be termed a primary 
inhumation site (PIS) if the remains were deposited in the ground and not disturbed 
between that time the time of exhumation (Jessee and Skinner, 2005). In instances when 
remains are transported from the PIS to a different clandestine location, the resulting area 
is termed a secondary inhumation site (SIS) (Jessee and Skinner, 2005). The SIS is 
usually characterized by disarticulated or damaged remains as the careless use of tools 
and machinery during the transportation process can cause commingling and harm 
(Haglund, 2002). Sloughed off tissues, as well as personal effects and diminutive skeletal 
elements are often left behind (Jessee and Skinner, 2005). 
While associated sites are given due consideration, Jessee's research disregards 
terminology which refers to internal features of a mass grave. Creation of a PIS promptly 
following execution often allows the bodies in a grave to remain articulated and form a 
single aggregate mass(Haglund, 2002). Bodies within the center of this mass decompose 
more slowly than those located on the periphery, which is a phenomenon called the 
feather-edge effect (Haglund, 2002; Jessee and Skinner, 2005). It is not uncommon for 
one burial to contain several discrete body masses which decompose independently from 
the larger aggregate remains (Haglund, 2002). These satellite remains are at a greater 
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stage of decomposition due to their position on the periphery of the body mass; in 
contrast to bodies closer to the interior which show a higher level of preservation 
(Haglund , 2002). This observation was first made by Mant in his observation of the 
taphonomic environment created by mass graves resulting from World War II, though 
Haglund ventures an updated explanation for these observations(Mant, 1987). 
Remains on the fringes of the body mass bridge two taphonomic inte,face: One is 
contact with other bodies, and the other is contact with fill or the surrounding matrix that 
forms the walls and floors of the grave. At the outer fringe they are affected by porosity 
and percolation characteristics of the surrounding substrate. Best preserved are remains 
within the interior of the body mass where they create their own synergistic environment, 
body on body.(Haglund, 2002). 
The previous publications confirm the discrepancy between the decomposition 
rates of adjoined and single remains (Mant, 1987; Skinner, 1987; Haglund, 2002; Jessee 
and Skinner , 2005). However there is a dearth of relevant scientific research which has 
failed to quantify this discrepancy due to the fact that the majority of knowledge of mass 
grave decomposition and exhumations is derived from reports, publications and 
testimonies resulting human rights investigation and non-government organizations 
(Steadman and Haglund , 2005) . 
Mant' s observations are some of the earliest qualitative assessments of 
decomposition based on firsthand accounts of exhumations (Skinner, 1987). Post World 
War II Germany necessitated the exhumation of hundreds of burials of servicemen and 
civilians , providing the medicolegal profession with examples of decomposition in 
various stages and conditions (Mant, 1987). Detailed recording of postmortem changes 
observed in cadavers resulted from these exhumations, though Mant dedicates only a 
paragraph to two of the over 150 burials exhumed. These two burials contained the 
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remains of 54 individuals, within a concentration camp (Mant, 1987). Observations 
showed areas where bodies were in contact were better preserved or in contact with the 
smTounding fill(Mant, 1987). The resulting paper does not go into any further detail 
regarding the level of preservation. 
In contrast to the situations encountered in post-Nazi Germany, forensic 
anthropologist lending their services in Croatia encountered multiple remains deposited 
in wells (Slaus et al., 2007 ). The late 1970s saw the extermination of thousands by the 
Croatian military. The Croatian terrain and the commonality of wells for agriculture near 
the Serbian border made wells convenient grounds for depositing remains without the 
hassle ofreburial (Slaus et al., 2007). Between 1991 and 1996, a combined U.S. and 
Croatian forensic task force from the Croatian Academy of Science and Art, the 
Univers ity of Zagreb, the Smithsonian Institute and the University of Tennessee 
Knoxville investigated the remains in thirteen wells in Croatia. Two of these wells stood 
out due to the high levels of perseveration of the remains (Slaus et al., 2007). In Daljski 
Atar two discrete body masses were observed in a well used for agricultural irrigation. 
The result of the remains being exposed to water was the complete saponification of 
twenty remains (Slaus et al., 2007). Three sets of remains were only partially 
skeletonized though the PMI was estimated between 4 and 14 years (Slaus et al. , 2007). 
A similarly saponified set of remains were recovered from a well in Erdut-Zarkovac near 
the Serbian border. The saponification of remains is the formation of adipocere, or grave 
wax, through a hydrolysis of fatty acids in the body(O'Brien and Kuehner, 2007). This 
process is likely to occur in an aquatic anaerobic environment (Rodruigez, 1997). The 
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conditions in Croatia, which were unique from other mass grave exhumations in a 
number of ways, created semi-aquatic mass graves which exhibited the levels of 
preservation and decomposition. This variation is the result of modifying one or more of 
the factors affecting decomposition , in this case moisture. Further information regarding 
mass grave decomposition originates in UN missions aboard made in the last two 
decades. The International Criminal Tribunals for the Former Yugoslavia (ICTY) and 
Rwanda (ICTR) were established by the UN in 1993 and 1994 respectively (Steadman 
and Haglund, 2005). Physicians for Human Right (PHR) was asked to send forensic 
teams to investigate mass graves in both countries (Steadman and Haglund, 2005). The 
physical evidence retrieved from mass graves in Bosnia and Herzigovina and Rwanda 
provided proof of grievous violations of International Humanitarian Law (IHL) 
(Steadman and Haglund, 2005). Published court transcripts and subsequent papers 
revealed the range of decompositional environments and situations in which remains 
were found. In Kibuye, Rwanda, fifty-three separate body masses represented the 
remains of over 4,000 individuals killed and buried off church grounds (Haglund et al., 
2001). Decomposition ranged from partially fleshed articulated remains to isolated 
skeletal elements (Haglund et al., 2001). The level of articulation was highest where 
expected, in the center of the masses where skeletal elements were less likely to be 
disturbed when bulldozers moved them later. Though the magnitude and burial methods 
were similar, the decomposition situations contrasted between Kibuye and Cerska, 
Bosnia. William Haglund testified in the International Criminal Court in 1996 to finding 
extremely widespread commingling in the remains at Cerska (Haglund et al., 2001). He 
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attributed this to deposition of the bodies in the grave and natural decomposition 
processes. 
Factors Affecting Decomposition 
Many decomposition studies have been conducted on surface and buried remains 
to delineate the factors that affect decay rates(Mann et al., 1990; Galloway, 1997; 
Manhein, 1997; Schmitt, 1997; Komar, 1998; Turner and Wiltshire , 1999; Adlam and 
Simmons, 2007; Wilson et al., 2007; Nagy, 2010 ; Schotsman et al., 2010). Single burials 
studies originate from retrospective observations of police cases involving buried remains 
or experimental burial of nonhuman analogues (Manhein, 1997; Wilson et al., 2007) . 
Various scales and methods for evaluating levels of decomposition have resulted from 
these studies though no universal scale can be developed due to variable decomposition 
and microclimates (Galloway, 1997; Wilson et al., 2007; Schotsman et al., 2010). 
Several studies agree that the factors with the greatest influence on decomposition of 
buried remains are temperature , insect access, burial depth, carnivore/rodent activity, 
trauma, rainfall and soil environment(Mann et al., 1990; Galloway, 1997; Rodruigez, 
1997; Komar, 1998; Schotsman et al., 2010). 
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Table 1: Variables affecting decay rate of human body (Copied from Mann et. al. 1990). 
Effect of Decay 
Variable Rate 
Temperature 5 
Access by insects 5 
Burial and Depth 5 
Carnivores/Rodents 4 
Trauma (Penetrating Crushing) 4 
Humidity/ Aridity 4 
Rainfall 3 
Body size and weight 3 
Embalming 3 
Clothing 2 
Surface placed on 1 
Soil pH unknown 
*Subjective criteria rating based on a five-point scale, 5 being the most influential. 
Temperature 
In a retrospective observation of the field and case studies conducted at the 
University of Tennessee Anthropology Research Facility (ARF), Mann et. al. rated the 
influence of certain environmental factors on the rate of decay using a subjective five-
point scale(Mann et al., 1990). Temperature was listed as the most influential factor. In 
warm or hot weather conditions, an exposed body can skeletonized in two to four 
weeks(Mann et al., 1990). According to observations, the eggs of carrion insects will die 
at temperatures below 32°F, prohibiting them from pupating and eventually feeding on 
soft tissues, preserving them for a longer period of time(Mann et al., 1990). A similar 
study conducted focusing on cold weather decay in the Edmonton Alberta area(Komar, 
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1998). A manual review of 20 cases form the Edmonton office of the Chief Medical 
Examiner showed decomposition to skeletal remains can occur as early as four months in 
extreme winter weather conditions(Komar , 1998). Summer decomposition can occur in 
less than six weeks as oppose to Mann's estimation for the Tennessee climate(Komar, 
1998). Ambient temperatures can heat or cool topsoil and the topmost soil 
horizon(Galloway, 1997). Temperature fluctuations in soil can expedite or retard the 
decompositions process(Mann et al., 1990). 
Galloway's research created a similar standard for the Arizona desert that the 
previous studies did for Tennessee and Edmonton (Galloway 1989). The desert can 
experience high temperatures of 100°F in summer months (Galloway, 1997). 
Temperatures can fluctuate between 60°F and 30°F as day turns to night in the winter 
(Galloway , 1997). The results of a retrospective study of Pima County cases from the 
Medical Examiner's Office highlight that desiccation is caused by arid humid desert 
conditions (Galloway, 1997). 
Insect Activity 
Insects can infest a cadaver at variable rates depending on habitat, colonization 
habits, and climate (Mann et al., 1990). If a body is placed in an open terrestrial 
environment, the majority of soft tissue will be lost to feeding on insect larvae (Mann et 
al., 1990). Burying of remains limits the access of insects to the cadaver, reducing the 
rate of decay (Payne et al., 1968). Little is known concerning insects affecting 
decomposition below (Payne et al., 1968). A study at Clemson University utilized a 
transparent acrylic cover on a test pit to observe the changes below the soil at a depth 
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between 50 and 100 cm. A baby pig was placed in the pit and monitored from June to 
November. Ants began feeding on the soft tissue three hour s after placement. Maggots 
and flies were numerous during the deflations and disintegrations stages of 
decomposition. Upon completion of the study, 48 arthropod species were collected. 
Twenty six of those collected were only associated with buried pigs carcasses not the 
surface remains of previous studies at the same facility. These include two families of 
mites, six collembolans, one carabid, one scatopsid, two milichids, one drosophilid, one 
cynid and one diapriid. Ants and certain families of mites are known to feed on 
arthropod eggs, slowing decay. Campobasso et. al. (2001) observed that dipteral could 
not colonize burials deeper than 1ft and there was no sign of insect activity lower than 
60cm (Campobasso et al. , 2001). 
Burial Depth 
Soil overburden provides an insularly environment to shield buried remains form 
surface factors that speed decay. Several studies agree that depth plays an integral role in 
the level of preservation (Manhein, 1997; Rodruigez , 1997; Turner and Wiltshire, 1999; 
Wilson et al., 2007; Janaway et al., 2009; Schotsman et al., 2010). Shallow burials of 
less than 2 ft may result in completely skeletonized remains in a few months to a year or 
more (Rodruigez, 1997). Remain s buried closer to the surface are more accessible to 
scavengers and insects(Payne et al., 1968). The odor of putrefaction can permeate the 
overburden of shallow burials, attracting carnivores or insects (Rodruigez, 1997). 
Carrion insects can burrow into a burial through cracks in loose top soil and colonize a 
cadaver(Payne et al., 1968). Scavenging carnivores and rodents are known to expose part 
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or all of a burial and drag away sections of remains (Mann et al., 1990). Deeper burials 
of 3ft to 4ft provide a soil environment insulated from the ambient environment (Mann et 
al., 1990). Soil temperature decreases as depth increases, slowing the decomposition 
process. Burials greater than 4ft can be expected to remain virtually intact for at least a 
year (Rodruigez, 1997). 
Adipocere 
Adipocere is a solid white, waxy substance resulting from hydrolysis of 
triglycerides during decomposition(Forbes et al., 2003; Ubelaker and Zarenko, 2011). 
The formation of adipocere can only occur when adipose tissues are previously present in 
a cadaver(Forbes et al., 2005a). The resulting adipocere is generally composed of a 
combination of lipids and salts, in particular potassium, sodium, calcium and 
magnesium(Forbes et al., 2005b ). 
The occurrence of salts of fatty acids in adipocere results from a cation exchange with 
the surrounding environment. As adipocere forms it will initially from use sodium ions 
from the interstitial fluid and later potassium ions from the cell or ambient water. 
Addition of sodium will produce a 'hard' soap with a crumbly texture while the addition 
of potassium results in the formation of a 'soft' soap with a paste-like texture. In later 
stages of adipocere formation, the sodium and potassium ions may be displaced by 
calcium or magnesium ions which are present in decomposition environments containing 
high mineral contents. The soil burial environment may significantly interact with 
decomposing tissue to promote or retard ion exchange (Forbes et al., 2005b ). 
It was previously believed that adipocere was only a product of saturated anaerobic soil 
environments however recent studies have adipocere can form in a variety of 
subterranean environments (J., 1976; O'Brien and Kuehner, 2007; Ubelaker and Zarenko, 
2011). Forbes et. al. undertook a series of studies with the intention of determining the 
ideal situations required for adipocere formation, testing soil type, burial environment 
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and the method of burial(Forbes et al., 2003; Forbes et al., 2005a; Forbes et al., 2005b; 
Forbe s et al. , 2005c). Fatty muscles tissues were buried in a number of varying 
environments, including mildly acidic, alkaline, warm, cold, saturated, dry, silt, sandy, 
clay, and sterilized soils (Forbes et al., 2005a; Forbes et al. , 2005b). Tissues were also 
buried in plastic bags, cotton clothing, polyester clothing and mock coffins to model 
clandestine burials (Forbes et al., 2005c). Analysis of the accompanying soil and tissues 
was done using visual assessments, spectroscopy mass spectrometry (Forbes et al., 
2005a; Forbes et al., 2005b ; Forbes et al., 2005c). Infrared spectroscopy can be utilized 
to determine the basic presence of adipocere (Forbes et al., 2005a). Gas 
chromatrography-mass spectrometry can determine the fatty acid composition and 
plasma mass spectrometry can display the salt composition of adipocere (Forbes et al. , 
2003 ; Forbes et al., 2005b). The results show that cold, acidic, and aerobic conditions 
were not conducive to the formation of adipocere (Forbes et al., 2005a; Forbes et al. , 
2005b; Forbes et al., 2005c). Soils rich with sand and silt were shown to accelerate the 
formation of adipocere while sterilized and clay soils formed adipocere to a lesser extent 
(Forbes et al., 2005a). In the test of burial methods, adipocere formed in the regular 
control soil and the mock coffin(Forbes et al. , 2005c ). The results of the burials in the 
plastic were removed from the study due to the fact that the remains liquefied within the 
plastic bag (Forbes et al., 2005c). Saturated environments showed a slow progression of 
adipocere formation but the highest levels of adipocere after twelve months of burial 
(Forbes et al., 2005a). The presence or absence of adipocere in burial environments is 
germane to this study and forensic anthropology in general because in an ideal set of 
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conditions, adipocere forms at a very specific point in the decomposition process . A 
large amount of adipocere has the ability to trap the decomposition process in one stage 
for an extended period of time (Forbes et al., 2005a). By determining the factors that 
retard and accelerate the formation of adipocere, a more exact PBI can be estimated. 
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Methods and Materials 
Field Site 
Experimental burials were created at the southwest portion of the Boston 
University Research Facility located in Holliston Massachusetts. The research facility is 
32 acres of private land owned and maintained by Boston University for the purpose of 
forensic anthropology field research. After a careful search of the facility, a clearing in 
the southwest comer was chosen as the burial site. The burial site was located at the 
coordinates N 42.20524 °, W 71.41747 ° (Figure 8). It was designated for burial because 
of its remote location, in order to simulate the extrajudicial burial of human remains. The 
site is a flat wooded area of mature woodland located 188 ft above sea level. The area 
was already clear of large flora, excluding fems (Thelypteris simulate) indigenous to 
Massachusetts and trees shading the clearing. A test pit was dug as a pilot to test the level 
of the local water table and the soil composition. The soil is a slow-draining high density 
loam with underlying inclusions of Freetown Muck. Freetown Muck is a slow draining 
soil commonly found in marshes and bogs in eastern Massachusetts. 
Burials 
Three pits were dug on June 4, 2011 using hand shovels and pick axes. Hand 
tools were preferred for digging over heavy machinery in order to ensure the accuracy of 
grave dimension. Knowing that grave depth is an important factor in the decomposition 
process, a shallow burial depth of 30cm was chosen for the two single pits in order to 
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encourage the rate of decomposition. The dimensions of the single pits measured 61cm 
wide and 122 cm long. The third pit meant to represent a mass burial was dug 45 cm 
deep, 152 cm wide and 122 cm long, in order to provide the space necessary to 
accommodate the presence of two extra human body analogues. All pits were backfilled 
with the soil excavated from that specific grave. 
Human Body Analogues 
On June 13, 2011 subject pigs (Sus scrofa domesticus) were provided by the Tufts 
Univers ity School of Veterinarian Medicine. Prior to delivery the pigs were euthanized 
by captive bolt. This method of euthanasia is approved by the _IACUC at Tufts University 
School of Veterinarian Medicine and was carried out by a trained professional employed 
at the university. Two of the pigs, called Sl and S2, were weighed at 20 kg. A third pig 
(Ml) weighed 19.75 kg, a fourth (M2) at 23.5 kg and a fifth (M3) at 21.2 kg. Prior to 
burial, each pig had already begun the initial stages of decomposition after a post mortem 
interval of 48 hours. Each pig showed green discoloration in the thoracic area and 
bloating. Ml showed evidence of blowfly activity near the mouth. The pigs were 
described as with the same notation as the pit in which it was to be placed. S 1 was placed 
in the first single pit at the southern edge of the clearing (Figure 1). S2 was placed in the 
second single pit in the eastern edge of the clearing (Figure 2). Pigs described as Ml-M3 
were placed in the largest pit at the northern edge of the clearing stacked on top of one 
another (Figure 3). This is considered a disorganized in contact burial, again meant to 
imitate extrajudicial disposal of human remains. 
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Figure 1: Pig SJ in single grave, prior to burial . 
Figure 2: Pig S2 in single grave, prior to burial. 
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Figure 3: Pigs Ml-M3 in mass grave, prior to burial. 
Recording and Documentation 
Prior to the placement of the pigs, variables in the burial area were analyzed to 
create an initial baseline. One HOBO Pendant® Temperature /Light Data Logger was 
placed into the soil beneath each pig carcass to create a temperature baseline. A sample 
of soil was also taken from each pit for initial analysis. LaMotte Soil Kit Model STH-
14© was used to analyze soil for initial levels of pH, phosphorous, nitrogen, and 
potassium. Samples were taken using a soil core and standard methods as recommended 
by the instructions accompanying the soil testing kit. Samples from the base of each 
burial were treated with demineralized water and a chemical reagent designated for each 
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test by the Lamotte Soil Kit instructions . A universal soil extract was created for testing 
nitrogen, phosphorous , and potassium. The reaction was performed in a test tube or spot 
plate, and compared to laminated color charts . Soil type and color was determined using 
Munsell© Color System,. 
During the time of burial , a soil core was placed within each grave at a depth of 
30 cm to extract a monthly soil sample. The soil was contained in air sealed plastic bags 
until analysis. Each sample was analyzed using the LaMotte Soil Kit Model STH-14© 
and the aforementioned procedures. The weather station located in the decomposition 
field at the Boston University Research facility tracked the temperature , humidity and 
precipitation . Weekly observations were made of the gravesites to ensure their integrity. 
During this study , internal temperatures of the graves were monitored using 
HOBO Pendant ® Temperature/Light Data Loggers while ambient temperatures were 
monitored by the Boston University weather station. Unfortunately, both pieces of 
machinery failed to function properly towards the end of the project . The data logger in 
burial Sl failed to produce any readable data following exhumation in November, 
prohibiting the comparison of the internal soil temperatures in S 1 to those in S2 and M 1 
(Appendix D Table 6). Boston University's weather station also failed to produce 
weather data after October 15, 2011. All ambient temperature information following this 
date was extracted from National Oceanic and Atmospheric Administration (NOAA) 
Weather Observation Station located at Worcester Regional Airport in Massachusetts 
(Appendix D). All available data was analyzed to determine the extent to which 
temperature affected decomposition . 
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Exhumation 
The buried pigs remained in the ground until November 18, 2011 , allowing for 
five months of decomposition. The two single burials and the mass burial were exhumed 
using standard forensic archaeology methods. Upon exposure, each burial was 
photographed and assessed for soft tissue preservation and skeletonization using 
subjective scales developed largely for surface remains. The data logger in each burial 
was removed for analysis. When the remains were photographed satisfactorily, the 
carcasses were removed from the ground; the advanced stages of decomposition and the 
moist soil conditions prevented the remains from being removed in one piece. The 
portions of each set of remains were wet sifted through ½ in. mesh screens and cleaned so 
bones could be utilized in further study by Boston University students. 
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Results 
The pig carcasses were photographed during exhumation and when they were 
removed from the burials. Evaluation of decomposition levels was made using the 
Wilson et. al. scale which was modified from standard scales meant to evaluate 
decomposition of surface remains (Wilson et al., 2007) (See Appendix C) . 
St 
The burial labeled S 1 was exposed first. The pig carcasses showed signs of 
decomposition and soft tissue preservation. The entire cranium was skeletonized as well 
as several exposed ribs. A small grave depression was created by the partially collapsed 
abdomen. Soft tissue and hair on the hind limbs were still intact as well as evidence of 
adipocere formation on the forelimbs (Figure 4). Over the five months a considerable 
amount of water had flowed into the burial, nearly obscuring the remains. The 
surrounding water was removed using a manual hand pump and the resulting mud held 
the strong odor of putrefaction. There were no insects within the burial at the time of 
recovery. The level of decay exhibited by carcass S 1 corresponds with Wilson's 
classification of Stage V Advanced Decay. 
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Figure 4: SJ after six months of burial. 
S2 
The second single grave contained one decomposed pig carcass. Little water had 
flowed into the burial, making pumping unnecessary though the soil composition was 
dark and muddy. The cranium and forelimbs were skeletonized with traces of adipocere 
on the abdomen . The right metacarpal and phalanx had become disarticulated prior to 
recovery . Less than 50% of the soft tissue remained on the hindquarters and limb s of the 
carcass where adipocere had begun to fmm (Figure 5). Disarticulation of the phalanges 
and adipocere formation is consistent with Stage V Advanced Decay . During the time of 
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burial, the remains appeared to have shifted at least six inches to the left, like ly due to 
changes in soil moisture throughout the time of burial. 
Figure 5: S2 after six months of burial. 
Mt 
The mass burial suffered a mild disturbance due to scavengers within a month of 
burial. A scavenger exposed the right scapula of the uppermost pig carcass resulting in 
brief maggot activity . The burial was exposed for 24 hours, providing blowflies access to 
colonize and lay eggs (See Figure 6). The area was backfilled after 24 hours. The mass 
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burial was most heavily affected by the flooding. A grave depression formed and filled 
with water that carried water dwelling organisms including a frog. During the recovery 
process the pump was operated continuously to prevent the burial from refilling from 
underneath. Two larger trenches were dug parallel to burial to allow water to flow away 
through two small causeways to assist in the removal of the surrounding water. The two 
carcasses uppermost in the burial decomposed similarly. Both crania and ribs were 
completely skeletonize d (Figure 7). Adipocere was visible on pig carcass Ml. The 
bottom half of M2, which was in contact with M3, had soft tissue intact with a pink 
coloration. According to Wilson et. al., the presence of adipocere and skeletonization of 
the carcasses characterize the level of decomposition as Active Decay Stage (IV). Both 
Ml and M2 were removed in pieces to expose the lowermost pig, M3 which was barely 
visible through the mud. Pig carcass M3 showed pink and white discoloration with signs 
of brown at soil to skin interface regions. The carcass appeared to be moving from a 
stage of bloat to deflation , having completed the purging stage of decomposition. There 
were no signs of early skeletonized or insect activity. The odor of putrefaction was 
extremely strong from the mass burial. The soil-skin interface, near completion of the 
bloat stage, lack of skeletoni zation of M3 coincide with Wilson's description of 
Secondary Bloat Stage (Ill) and Active Decay Stage (IV). For the purposes of this thesis, 
M3 was classified as stage 3.5. 
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Figure 6: Ml Mass burial after scavenger disturbance. 
Figure 7: Pigs M 1 and M2 is burial M 1 after six months of burial. 
27 
Soil Environment 
Initial tests of the soil prior to burial revealed uniform soil conditions at the base 
of each pit. Acidity of the soil was measured at 6.2 which is considered slightly acidic 
(Table 1). Monthly progressions show marked increa se in acidity from 6.2 to 4.0 
(extremely acidic). Final pH tests indicate a slightly greater level of acidity in the mass 
burial ( 4.0) than both single burials ( 4.4 ). 
All soil data content for this study can be found in Appendix E. Nutrient levels of 
phosphorous and nitrogen are measured in pounds per acre (lbs/a). The nitrogen content 
of the area measured 20 lbs/a in each pit. By July, nitrogen levels escalated to 100 lbs/a 
in S 1, 60lbs/a in S2, and 150 lbs/a in M 1. August nitrogen levels in all the graves 
escalated to 150 lbs/a and remains steady at the that value until exhumation in November. 
Nitrogen levels never rose above 150 lbs/a. Phosphorous levels in June began at 10 lbs/a . 
By July, phosphorous content remained constant in single graves S 1 and S2 while the 
phosphorous levels in Ml escalated to 25lbs/a. Mass grave Ml maintained a 
phosphorous level of 25lbs/a in August and September . S 1 phosphorous levels in August 
escalated to 25 lbs/a and remained at that level in the month of September. In grave S2, 
phosphorous content was 25 lbs/a in August and 50 lbs/a in September. By October the 
phosphorous content in all three graves measured 50 lbs/a and remained constant until 
exhumation. 
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Table 2: Monthly Soil pH levels. 
Soil pH 
Sl S2 Ml 
June 6.2 6.2 6.2 
July 5.4 5 4.4 
August 5.4 5.4 5.2 
September 4.6 4.8 4.6 
October 4.6 4.6 4.2 
November 4.4 4.4 4 
Table 3: Chart comparing soil pH levels. 
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Weather 
All weather data regarding ambient temperatures, precipitation, and humidity can 
be found in Appendix D. The total rainfall for the duration of the study from June to 
November was 31.04 in. The area of Holliston and the northeast experienced a hurricane 
in August 2012, causing the monthly total rainfall to be 11.83 in. , which is nearly three 
times the monthly average for August. Precipitation in the area also doubled the monthly 
average for the area in October 7.58 in. 
Ambient temperatures in the area fluctuated due to the transition from summer to 
winter weather. The average temperature for June was 66 .20°F and 72.33 °F in July. 
Average temperatures in October decreased to 52.27 °F and even lower to 47 .05°F in the 
month of November. 
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Discussion 
The results of this study revealed several interesting aspects of the 
decomposition process of multiple remains in a single grave . First, the advanced level of 
decomposition of the remains in the periphery of the grave clearly display the feather-
edge effect. The feather edge effect is the phenomenon by which remains closer to the 
internal structure of a body mass remain in a greater state of preservation than those on 
the periphery in direct contact with the soil and its presence in this mass grave is 
consistent with the observations of Mann, Rodgruiez, Jesse and others (Mann et al., 1990; 
Rodruigez, 1997; Jessee and Skinner, 2005). In addition, the remains on the periphery 
were in a state of advanced decay at the time of exhumation and M3 was in a state of 
secondary bloat. This difference in stage of decomposition represents at least one half 
stage of decomposition between the two sets of remains. Second, the remains in the 
single graves decomposed at a slower rate than those on the periphery of the mass grave. 
This is likely the result of the high levels of acidity encountered in the mass grave , the 
slight but noteable increase in mass grave temperature or the varying amounts of water in 
each grave. These and other factors are discussed below in this section. 
Soil 
Based on previous studies (Haglund, 2002; Jessee and Skinner, 2005) it was 
expected that the remains would progress through the decomposition process at that same 
rate due to identical initial soil environments . Therefore, all of the remains that 
interfaced with the soil should have decomposed at the same rate due to the effects of soil 
on remams. Instead, the remains had a greater effect on the surrounding soil environment 
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than the soil had on the carcasses. The status of the soil in each burial was monitored by 
using a soil core to remove small samples of soil from beneath each carcass; the samples 
were tested for potassium , pH, nitrogen and phosphorous. Changes in these soil nutrients 
are likely the root of the advanced skeletonization of the peripheral remains. 
It appears that the number of carcasses in the grave altered the soil environment in 
such a way as to increase the rate of decomposition. The most significant change to the 
soil was an increase in the pH and this is known to occur with the inclusion of a cadaver 
(Tibbett and Carter, 2009). According to a study by Carter and Tibbet (2009) , the pH of 
soil rose three points in an already acidic soil when a cadaver was added, but had no 
effect on alkaline soil (Tibbett and Carter , 2009). This is due to the release of ammonia 
ions as well as CO2, nitrogen and potassium during the deflation stage of decomposition 
that would accelerate the breakdown of tissue (Tibbett and Carter , 2009Adams and Byrd, 
2002) . The researcher has hypothesized that the presence of three cadavers in the ground 
released three times the enzymes and proteins as the single burials and this increase in 
acidity of the soil broke down muscle tissues at an accelerated rate. 
The best application of this information would be when estimating post-burial 
index (PBI) and locating clandestine burials. The high volume of nutrients purged into 
the soil can be detected using unobtrusive soil testing methods during the search process. 
The concentration of potassium and nitrogen in the soil can help differentiate if there is 
mass grave verses a single grave in the area when levels are compared to basal tests of 
the area soil. 
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Temperature 
Soil temperatures are affected by direct radiation from sunlight, fluctuations in 
ambient temperatures (Rodruigez, 1997). At depths greater than 60 cm these two factors 
no longer change internal temperatures of buried remains; however movement and 
growth of subterranean larvae can generate a significant amount heat (Carter et al. , 2009) 
(Rodruigez, 1997). From the date of burial to July 18, the data generated by the HOBO 
data loggers indicates the 1ise and fall of soil temperatures in S2 and Ml to be nearly 
identical. All average temperatures are within a range of 0.5°F (Appendix D, Table 7). 
On July 18 internal temperatures in Ml reached 70.53 °F and continued to rise to 72.71 °F. 
This rise was not mirrored by S2 and temperatures did not drop until July 24. The spike 
in temperatures in the Ml burial is likely due to the presence of animal activity . Video 
monitoring of other projects conducted in the area showed coyotes and vultures to be the 
most common scavengers in surrounding area. As previously mentioned in the results , 
the smell of putrefaction likely attracted scavengers into the area where they proceeded to 
partially exhume the scapula of pig carcass M2. Removal of compact soil fill exposed 
the remains to ambient temperature fluctuations and insect activity. The average ambient 
temperature between July 18 and 23 ranged from 83.99 to 73.43 °F, suggesting that it 
precipitated the rise in internal temperatures (Appendix D Table 6). This rise in 
temperature may seem insignificant, but the advanced decomposition of the mass burial 
(Ml) may be attributed to the slight difference in internal temperature. 
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Adipocere 
A small amount of adipocere was an expected byproduct of this study given that 
its formation is part of the decomposition stages listed by Wilson et. al. year and since 
pigs are likely to have large amounts of adipose tissue during life . However, a visual 
assessment of all three experimental burials showed the presence of significant amounts 
of adipocere covering the hind quarters of S1 and S2 and completely covering M3. The 
hind quarters appeared to be white and the adipocere crumbled during the exhumation 
process. The odor coming from each burial was extremely strong. According to Forbes 
et. al. (2005), water satura ted environments encourage the slow formation of adipocere as 
potassium ions are transferred between the remains and the soil. In the present study, 
high levels of potassium measured by soil tests may have been an early indicator of a 
large amount of adipocere present in the burial. Adipocere formation was likely 
facilitated by the continual moist soil conditions created by the flooding of the burials. 
The encroachment of adipocere has the ability to preserve remains and slow the 
decomposition process. There is no way to conclude when and at what rate the adipocere 
began to form, in order to determine how it affected decomposition. The results still 
remain that both single burials (S 1 and S2) exhibited more adipocere on their surfaces 
than the mass burial. This may be due to the fact that the peripheral remains in the mass 
grave were decomposing at a more rapid rate than the single remains. The differing 
amounts of adipocere in the burials may also be due to differing soil conditions. 
Research shows that alkaline soils are more conducive to adipocere formation than acidic 
soil (Forbes et al., 2005a). The presence of multiple bodies in the mass grave caused the 
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soil pH to rise well above that of the single burials, possibly retarding the formation of 
adipocere. Acidity of the soil caused by differing ions in the soil could have altered the 
lipid and salt compositions of each type of adipocere. Determining the individual 
compositions of each types of soil would have required the use of gas chromatography 
mass spectrometry and inductively coupled plasma-mass spectrometry. These types of 
tests would possibly have been beneficial but were out of the scope of this study . 
Limitations 
It is important to note that this study was undertaken with the utmost care and 
attention to detail. Any variables that could be controlled, assessed and accounted for 
were monitored using all available care and equipment. However, there were variables 
involved in this study that could neither be controlled nor accounted for. At the time of 
burial, it was noted that there were two very large rocks adjacent to the burial sites for 
both S2 and Ml, near the head of the pit. It was presumed that the presence of the rocks 
would not affect decomposition. However, the rocks in the burials may have affected the 
drainage of excess water from the grave. Burial S 1 contained the greatest amount of 
most water of the three burials. The only difference between S 1 and S2 was the large 
stone at the head of S2, leading to the idea that the stone somehow improved the drainage 
in the second burial. 
Additionally, Hurricane Irene occurred in New England in late August 2011 and 
produced three times the monthly average rainfall promoted the on the area. Slow 
draining soil in the area caused all three graves to flood. Flooding of the graves 
complicated the original plans for exhumation and the visual assessment of the remains. 
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The mud and water obscured the view of the carcasses within the graves. The 
unexpected moisture presumably increased the amount of adipocere in the graves. The 
presence of water in the graves may also have augmented the internal temperature of the 
graves. There is no way to accurately determine the extent of the effects of flooding on 
the decomposition process or to adequately prepare for that volume of flooding. All 
possible arrangements were made to maintain the integrity of the study to proceed as it 
was initially intended. 
A study by Nagy (2012) at the University of Alberta observed the decomposition 
of low density mass graves employed a similar research design to the present study 
(Nagy, 2010). The most significant difference between the current study and Nagy's was 
that the low density graves in Nagy's study were disturbed periodically to observe the 
decomposition process. While it would have been interesting and advantageous to add 
that aspect to this study, the drawbacks of disturbing the graves and remains outweighed 
the benefits of cataloging the stages of the decomposition process. First, exposure of the 
remains would have interrupted the decomposition process. The constant disturbance 
would have attracted carrion insects and scavengers to the site, defeating the purpose of 
creating a burial environment insulated from these factors. Even the replacement fill 
would be looser than the prior compact fill, allowing easier access for insects and 
scavengers once the remains were covered again. Second , partial disturbance of the 
remains would not ally any view of the internal remains in the mass burial. Past research 
has already demonstrated that remains located in the interior of the burial decompose at a 
different rate than those on the periphery, and part of the purpose of this thesis was to 
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document that fact. Decomposition is a process affecting the entire carcass. Observing 
only the surface of the remains may have given a skewed view of the stages of 
decomposition. 
37 
Conclusion 
The ultimate purpose of this study was to create three experimental graves to 
compare decomposition rates and factors affecting decomposition in mass graves and 
single graves. This study was also designed to expand the general knowledge of 
decomposition in order to provide more in-depth knowledge for investigators working 
with mass graves. The results of this study revaled that while the general decomposition 
process is complex , the decomposition of bodies within a mass grave undergo an even 
more multifaceted progression. Cadavers in a mass grave may at times form a body 
mass, but whenever possible each set of remains should be considered as a single set of 
remains. This is especially true of remains placed within a burial at different intervals. 
In the presence of a body mass, it is prudent to acknowledge the fact that the purging of 
fluids from remains will cause the soil pH to rise considerably, thereby eroding soft tissue 
and bone. 
The main drawbacks of this study include timing and weather. The high volume 
of precipitation during the time of interment added the unexpected component of 
moisture to the decomposition process . This factor was not originally considered. Time 
constraints placed on this thesis prevented the possibility of allowing the graves to drain 
naturally during the winter months. Given the opportunity , it is assumed that the graves 
would have dried out in time. If this study were to be recreated, it should be undertaken 
in an area with well-draining soil or exhumed for an extended period of time allowing for 
removal of the water. 
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Appendix A: Site Map 
Figure 8: Map of Boston University Research Facility. 
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Appendix B: Site Diagram 
I II 
lift 
2ft 
Figure 9: Diagram of Burial Area. 
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Appendix C: Decomposition Tables 
Wilson AS, Janaway RC, Holland AD, Dodson HI, Baran E, Pollard AM, et al. Modeling 
the buried human body environment in upland climes using three contrasting field sites. 
Forensic Sci Int. 2007 Jun 14;169(1):6-18. 
Stages in the decomposition of buried pigs 
Fresh Stage (I) 
- Begun at death, includes rigor mortis, post-mortem hypostasis and cooling 
- Continues until bloating of the carcass visible 
- Skin intact/hair firmly anchored 
Primary Bloat Stage (II) 
- Accumulation of gasses within the body 
- No disarticulation 
- Hair and epidermis loose 
- Soil-skin interface grey 
- Strong odour 
Secondary Bloat Stage (Ill) 
- Body still bloated 
- Disarticulation of limbs 
- Purging 
- Soil-skin interface black 
- Strong odour 
Active Decay Stage (IV) 
- Deflation of the carcass 
- Disarticulation of the limbs and head 
- Flesh still present 
- Carcass very wet 
- Strong odour 
Advanced Decay Stage (V) 
- Collapse of abdomen/rib cage 
- Most of the flesh liquefied/gone 
- Skin, bone, fat and cartilage may remain 
- Carcass very wet 
- Adipocere formation 
Skeletonisation Stage (VI) 
- Flesh , skin, fat, and cartilage disappear 
- Some adipocere and ligaments may remain 
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Appendix D: Weather Tables 
Table 4: Weather information for the time of burial. 
Weather Table 
Date High Low H Humidity L Humidity Rain in. Mean 
Temp °F Temp °F (%) (%) Temp °F 
15-Jun-11 75 .4 50.1 96% 49% 0 61.4 
16-Jun-11 85.7 51.5 97% 76% 0.52 68.2 
17-Jun-11 70.8 58 97% 78.00% 0 65.2 
18-Jun-11 82.1 61.6 97% 60 .00% 0 71.85 
19-Jun-11 76.3 58 .6 97 34 0 63.3 
20-Jun-11 79 .2 48.6 97 36 0 64.15 
21-Jun-11 83.4 53.5 99 37 0 67.81 
22-Jun-11 70 .6 63 .1 100 40 1.15 66.76 
23-Jun-11 64.8 59.3 100 44 0.2 62.51 
24-Jun-11 61.9 57 100 41 0.12 59.65 
25-Jun-11 70 .4 54.3 100 43 0.42 60.5 
26-Jun-11 78.3 61.2 100 43 0.03 68.4 
27-Jun-11 83 .8 58.2 100 43 0 70.45 
28-Jun-11 83.4 61.1 99 31 0 71.27 
29-Jun-11 82.3 65.8 99 38 0.15 71.2 
30-Jun-11 79 .1 54.7 98 38 0 66 .62 
1-Jul-11 77 .8 52.1 98 37 0 65.41 
2-Jul-11 83 .2 58.3 100 38 0 68.93 
3-Jul-11 80 .3 61.6 99 39 0 70.51 
4-Jul-11 86.4 65.2 99 41 0 74.3 
5-Jul-11 88.3 61.8 98 36 0 74.19 
6-Jul-11 87 .8 60.4 98 36 0 74.48 
7-Jul-11 85.4 63 .8 98 37 0.01 73.21 
8-Jul-11 75.6 64 100 35 0.86 69.29 
9-Jul-11 82 .6 66.1 99 38 0.18 71.76 
10-Jul-11 83 54 98 36 0 68.63 
11-Jul-11 89 .2 61.4 98 37 0 75.66 
12-Jul-11 89.6 73.1 88 40 0 79.36 
13-Ju\-11 84.4 63.7 97 38 0.11 72.5 
14-Jul-11 74.6 59 .2 98 35 0.04 65.88 
15-Jul-11 81.8 54 .8 98 45 0 68 .3 
16-Jul-11 85 .6 56.1 98 34 0 70.85 
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17-Jul-11 90.1 60.8 98 34 0 75.38 
18-Jul-11 84.8 68.6 98 37 0.12 74.82 
19-Jul-11 85 .9 63.8 99 37 0 73.68 
20-Jul-11 88.2 59.6 98 36 0 73.43 
21-Jul-11 92.9 68 .5 97 28 0 80.18 
22-Jul-11 99.5 69.7 95 25 0 83.99 
23-Jul-11 87.3 64 .3 97 25 0.24 74.44 
24-Jul-11 82.8 63 .1 98 33 0.01 73.57 
25-Jul-11 73.9 59.6 98 39 0.2 65.56 
26-Jul-11 81 61.3 98 42 0.06 68 .01 
27-Jul-11 82 .1 58.7 99 35 0.01 68.73 
28-Jul-11 80.7 58.5 98 41 0 69.48 
29-Jul-11 77.3 62.3 98 41 0.09 70.55 
30-Jul-11 86.9 63.4 98 37 0.03 75.31 
31-Jul-11 86.4 59 98 37 0 72.01 
1-Aug-11 91.1 64.1 97 38 0 74 .69 
2-Aug-11 87.8 62.1 98 38 0.02 72.98 
3-Aug-11 79.5 57.9 98 56 0 68.09 
4-Aug-11 80.4 59 .5 98 34 0 69.01 
5-Aug-11 80.2 62.8 97 34 0 70.28 
6-Aug-11 85.8 66.9 95 35 0 74.72 
7-Aug-11 78 .8 68 .3 98 36 2.51 72.6 
8-Aug-11 84 .1 68.4 99 32 0.06 74.56 
9-Aug-11 78.8 64 .5 99 35 0.89 70.36 
10-Aug-11 80.4 63 .1 99 36 2.31 70.02 
11-Aug-11 79.4 59.4 99 34 0 68.12 
12-Aug-11 80.1 54.2 98 33 0 66.45 
13-Aug-11 80.4 56.5 99 33 0 68.15 
14-Aug-11 72.1 64 .5 99 39 0.05 67.69 
15-Aug-11 69.2 60.3 99 40 1.25 64.75 
16-Aug-11 70 59.3 99 41 0.04 64.65 
17-Aug-11 83.1 54.8 99 40 0 68 .95 
18-Aug-11 83 .3 61.1 99 40 0 72.2 
19-Aug-11 84.4 65.5 99 41 0.02 74.95 
20-Aug-11 84.4 65.9 99 41 0 75.15 
21-Aug-11 84 .6 63.3 99 41 0.02 73.95 
22-Aug-11 76.5 58.5 98 39 0.09 67.5 
23-Aug-11 76 .4 51.8 98 37 0 64.1 
24-Aug-11 79 .6 54.5 98 37 0 67.05 
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25-Aug-11 82.8 65 97 37 0.12 73.9 
26-Aug-11 83.2 64.5 98 40 0.16 73.85 
27-Aug-ll 78.3 63.2 99 39 2.27 70.75 
28-Aug-ll 73.5 63.5 99 39 2.02 68.5 
29-Aug-11 77 54.9 97 36 0 65.95 
30-Aug-11 77 .9 51.5 99 34 0 64.7 
31 -Aug-11 82.1 53.9 99 34 0 68 
1-Sep-11 78.4 58.3 98 34 0 68.35 
2-Sep-11 74.9 55.2 98 32 0 65 .05 
3-Sep-11 82.7 54.9 98 33 0 68 .8 
4-Sep-11 81.8 64.8 98 35 0 73.3 
5-Sep-11 84.8 64.1 96 36 0 74.45 
6-Sep-11 71.2 58.4 98 35 1.13 64 .8 
7-Sep-11 62.3 58.1 99 35 0.58 60.2 
8-Sep-11 63.4 57.6 99 36 1.45 60.5 
9-Sep-11 76.7 58.4 98 36 0 67 .55 
10-Sep-11 75 .2 52.3 99 34 0 63 .75 
11-Sep-11 72.3 48.1 98 33 0 60 .2 
12-Sep-11 79.4 55.3 98 34 0 67.35 
13-Sep-11 81.9 58 99 34 0 69.95 
14-Sep-11 83.7 65.5 97 35 0 74.6 
15-Sep-ll 81.8 51.1 99 34 0.06 66.45 
16-Sep-11 63 .3 42.6 96 30 0 52.95 
17-Sep-ll 64.2 39.1 97 30 0 51.65 
18-Sep-ll 66.3 44.9 98 31 0 55.6 
19-Sep-ll 67.1 43.3 98 31 0 55.2 
20-Sep-ll 64.3 47.4 98 34 0.13 55 .85 
21-Sep-11 76 52.6 99 34 0.01 64 .3 
22-Sep-11 74 63.8 99 35 0.06 68.9 
23-Sep -11 74.4 66 .1 99 36 0.34 70.25 
24-Sep-11 77.7 68.8 99 37 0.73 73.25 
25-Sep-11 79.8 66.8 99 37 0 73.3 
26-Sep-11 79.9 62.9 99 36 0 71.4 
27-Sep-ll 79.2 61.3 99 35 0 70.25 
28-Sep-11 77 61.5 98 35 0 69.25 
29-Sep-11 73.4 60.1 99 35 1.27 66.75 
30-Sep-ll 75.9 54 .2 99 35 0 65.05 
1-Oct-11 68.2 56.5 99 35 0.11 62.35 
2-Oct-11 63.6 55.1 99 35 0.01 59.35 
44 
3-Oct-11 65.3 53.5 99 34 0.01 59.4 
4-Oct-11 65.2 52 .6 98 34 0.94 58.9 
5-Oct-11 65 41 99 39 0.03 53 
6-Oct-11 62 37.9 96 36 0 49.95 
7-Oct-11 61.2 33.5 98 36 0 47.35 
8-Oct-11 77.4 42 .9 98 38 0 60.15 
9-Oct-11 82 47.2 98 40 0 64.6 
10-Oct-11 80.8 48.8 98 40 0 64.8 
11-Oct-11 68 .1 49.4 98 38 0 58.75 
12-Oct-11 59.5 49.7 98 40 0.01 54 .6 
13-Oct-11 62 .1 56 99 41 1.24 59.05 
14-Oct-11 68.9 59 98 34 0.35 63.95 
*15-Oct- 65.2 50 .9 98 50 0.01 58.05 
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16-Oct-11 64 .7 47.4 82 48 0 56.05 
17-Oct-11 64 .9 47.2 91 40 0.01 56.05 
18-Oct-11 67.1 43 95 41 0 55.05 
19-Oct-11 57 46.7 99 46 1.15 51.85 
20-Oct-11 69.7 55.3 99 63 1.01 62.5 
21-Oct-11 63.1 44.3 N/A N/A 0 53.19 
22-Oct-11 63.4 39.6 N/A N/A 0 49.96 
23-Oct-11 54 35.1 N/A N/A 0 43.91 
24-Oct-11 61 32 .9 N/A N/A 0 47.07 
25-Oct-ll 60.3 40 .9 N/A N/A 0 49.95 
26-Oct-11 48.3 37.8 N/A N/A 0.03 44.23 
27-Oct-11 46.1 32.6 N/A N/A 1.1 41.08 
28-Oct-11 47 .3 30.3 N/A N/A 0.18 36.66 
29-Oct-11 43 31.1 N/A N/A 0.63 34 .87 
30-Oct-11 45 .3 28.9 N/A N/A 0.76 35.64 
31-Oct-11 28 .9 27.9 N/A N/A 0 28.23 
1-Nov-11 48 35 N/A N/A 0 41.5 
2-Nov-11 53 34 N/A N/A 0 43.5 
3-Nov-11 56 39 N/A N/A 0 47.5 
4-Nov-11 47 32 N/A N/A 0 39 .5 
5-Nov-11 48 31 N/A N/A 0 39.5 
6-Nov-11 53 32 N/A N/A 0 42.5 
7-Nov-11 61 37 N/A N/A 0 49 
8-Nov-11 67 47 N/A N/A 0 57 
9-Nov-11 66 51 N/A N/A 0 58.5 
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10-Nov-11 60 48 N/A N/A 0.82 54 
11-Nov-11 48 35 N/A N/A 0 41.5 
12-Nov-11 49 32 N/A N/A 0 40.5 
13-Nov-11 59 37 N/A N/A 0 48 
14-Nov-11 64 49 N/A N/A 0 56.5 
15-Nov-11 62 53 N/A N/A 0 57.5 
16-Nov-11 57 so N/A N/A 0.47 53.5 
17-Nov-11 51 34 N/A N/A 0.03 42.5 
18-Nov-11 40 29 N/A N/A 0 34 .5 
*All weather data following October 15, 2011 was provided by the NOAA Weather 
Observation Station located at Worcester Regional Airport, MA from their website at 
http :/lwww. ncdc. noaa. gov/cdo-web/review. 
Table 5: Average Monthly Temperatures in Holliston MA, taken from weather station at 
Boston University Research Facility. 
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Table 6: Annual Average Temperature, Holliston, MA (copied from city-data .com, May, 
2012) 
Average Temperatures 
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Table 7: Average Internal Soil Temperatures, as extracted from data loggers. 
Ml S2 S1 
Date Temp °F Temp °F Temp °F 
6/15/2011 68.77 63.45 N/A 
6/16/2011 61.49 60.99 N/A 
6/17/2011 61.44 61.12 N/A 
6/18/2011 61.41 61.23 N/A 
6/19/2011 62.018875 62.01175 N/A 
6/20/2011 62.09725 61.8832917 N/A 
6/21/2011 62.175625 62.06875 N/A 
6/22/2011 62.6902917 62.6549167 N/A 
6/23/2011 62.826 62.6330417 N/A 
6/24/2011 62.19725 61.83325 N/A 
6/25/2011 61.3762917 61.076125 N/A 
6/26/2011 61.0612083 61.190125 N/A 
6/27/2011 61.5692917 62 .1830833 N/A 
6/28/2011 62.4258333 63.3039583 N/A 
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6/29/2011 63.3258333 64.217375 N/A 
6/30/2011 63.8255 64.473875 N/A 
7/1/2011 63.775625 64.203125 N/A 
7/2/2011 63 .66875 64.23875 N/A 
7/3/2011 63.98225 64.6737917 N/A 
7/4/2011 64.4454583 65.26675 N/A 
7/5/2011 65.167 66.0437083 N/A 
7/6/2011 65.815375 66.63675 N/A 
7/7/2011 66.3798333 67.06425 N/A 
7/8/2011 67.14275 67.1783333 N/A 
7/9/2011 66.786375 66.729375 N/A 
7/10/2011 66 .729375 66.765 N/A 
7/11/2011 66.871875 66.9431667 N/A 
7/12/2011 67.8347917 68.0203333 N/A 
7/13/2011 68.9631667 68.763 N/A 
7/14/2011 69.0989583 68.22025 N/A 
7/15/2011 68 .5774167 67.3780833 N/A 
7/16/2011 68.506 67.05 N/A 
7/17/2011 69.314125 67 .5492917 N/A 
7/18/2011 70 .5371667 68.3199167 N/A 
7/19/2011 71.0884583 68.592 N/A 
7/20/2011 71.1101667 68.727375 N/A 
7/21/2011 71.0381667 69.1635 N/A 
7/22/2011 71.9130833 70.3942083 N/A 
7/23/2011 72.7107917 70.9882083 N/A 
7/24/2011 72.4945417 70 .89525 N/A 
7/25/2011 72.1425833 70.2222917 N/A 
7/26/2011 70.8452083 68.892 N/A 
7/27/2011 70.251125 68.599125 N/A 
7/28/2011 70.23675 68.656125 N/A 
7/29/2011 70.23675 68.656125 N/A 
7/30/2011 70.5907917 69.0455208 N/A 
7/31/2011 70.8235 69.2491667 N/A 
8/1/2011 71.1676667 69.6140417 N/A 
8/2/2011 71.58325 69.9430417 N/A 
8/3/2011 71.504125 69.7285417 N/A 
8/4/2011 71.0100833 69 .1849583 N/A 
8/5/2011 70.8089167 69.013375 N/A 
8/6/2011 70.8525 69 .242625 N/A 
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8/7/2011 71.1747083 69.7860833 N/A 
8/8/2011 70.7805833 69.7075 N/A 
8/9/2011 70.8735417 69.814375 N/A 
8/10/2011 70.0434167 69.0277083 N/A 
8/11/2011 69.149 68.43425 N/A 
8/12/2011 68 .735 67.741875 N/A 
8/13/2011 68.2345 67.478 N/A 
8/14/2011 68.2840417 67.735 N/A 
8/15/2011 67.984375 67.4495 N/A 
8/16/2011 66.9788333 66.3935 N/A 
8/17/2011 66.208 65.843875 N/A 
8/18/2011 66 .586875 66.5085 N/A 
8/19/2011 67.4850833 67.4992083 N/A 
8/20/2011 68 .2554583 68.198625 N/A 
8/21/2011 68.77725 68.72025 N/A 
8/22/2011 69 .0709583 68 .9844583 N/A 
8/23/2011 68.64875 68 .312875 N/A 
8/24/2011 68.0702917 67.792 N/A 
8/25/2011 68.02 67.97725 N/A 
8/26/2011 68 .3702083 68.4485833 N/A 
8/27/2011 68.912625 69.127875 N/A 
8/28/2011 68.498875 68.4847083 N/A 
8/29/2011 67.6990417 67.60625 N/A 
8/30/2011 66.914625 66.814875 N/A 
8/31/2011 66.4867917 66.46525 N/A 
9/1/2011 66.472875 66.672375 N/A 
9/2/2011 66.2865417 66.57975 N/A 
9/3/2011 66.00775 66.4223333 N/A 
9/4/2011 66.600875 67 .2924583 N/A 
9/5/2011 67.4279167 68 .0631667 N/A 
9/6/2011 67.8488333 68.0919167 N/A 
9/7/2011 66.4221667 66.3007917 N/A 
9/8/2011 65.1239167 65 .0239167 N/A 
9/9/2011 64.2815 64.3955 N/A 
9/10/2011 64.331375 64 .6956667 N/A 
9/11/2011 64.196 64.3032917 N/A 
9/12/2011 63 .903875 64.032125 N/A 
9/13/2011 64.4027083 64 .688125 N/A 
9/14/2011 65.202625 65.658625 N/A 
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9/15/2011 66.122 66.501375 N/A 
9/16/2011 65.6661667 65 .652 N/A 
9/17/2011 63.8391667 63 .7892083 N/A 
9/18/2011 62.589875 62.7472083 N/A 
9/19/2011 61.8545833 62 .0975 N/A 
9/20/2011 61.398 61.6977083 N/A 
9/21/2011 61.3197083 61.8977917 N/A 
9/22/2011 62.3757917 63.0686667 N/A 
9/23/2011 63.389875 64.0535 N/A 
9/24/2011 64.21025 64.5811667 N/A 
9/25/2011 64.8530833 65 .224 N/A 
9/26/2011 65.501875 65.744125 N/A 
9/27/2011 65 .69425 65 .9365 N/A 
9/28/2011 65.80825 65 .986375 N/A 
9/29/2011 65.615875 65.5945 N/A 
9/30/2011 65.11 65.11 N/A 
10/1/2011 64.8890417 64.7742083 N/A 
10/2/2011 64.3885417 64 .253 N/A 
10/3/2011 63 .5683333 63 .518375 N/A 
10/4/2011 62.804125 62.7325417 N/A 
10/5/2011 62.189875 61.990375 N/A 
10/6/2011 61 .1259583 60.68225 N/A 
10/7/2011 59.522375 59.250125 N/A 
10/8/2011 58.6333333 58.7410417 N/A 
10/9/2011 59.200125 59 .644125 N/A 
10/10/2011 60.1809167 60.58225 N/A 
10/11/2011 60 .8829167 61.29825 N/A 
10/12/2011 60.6826667 60.8976667 N/A 
10/13/2011 60.1885417 60.2887917 N/A 
10/14/2011 60.045375 60.2238333 N/A 
10/15/2011 60 .2454583 60.403125 N/A 
10/16/2011 59.765875 59.74425 N/A 
10/17/2011 59.2075 59.257625 N/A 
10/18/2011 58 .769875 58.94925 N/A 
10/19/2011 58.4322917 58.66225 N/A 
10/20/2011 58 .1381667 58.3390417 N/A 
10/21/2011 58.1809167 58.3461667 N/A 
10/22/2011 57.7715 58.09475 N/A 
10/23/2011 57 .36925 56.7706667 N/A 
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10/24/2011 56.4973333 55.0812083 N/A 
10/25/2011 55.9993333 55.0664167 N/A 
10/26/2011 55 .710625 54 .3137083 N/A 
10/27/2011 55.0956667 53.659875 N/A 
10/28/2011 53.790375 51.8811667 N/A 
10/29/2011 52 .30525 50 .7745833 N/A 
10/30/2011 50 .0006042 49 .0124583 N/A 
10/31/2011 49.249 48 .6202917 N/A 
11/1/2011 48.7093333 48.45025 N/A 
11/2/2011 48.62825 48.2792083 N/A 
11/3/2011 48.4799167 48.2495 N/A 
11/4/2011 48.7754167 48.78325 N/A 
11/5/2011 48.871 48.5675714 N/A 
Table 8: Average Internal Soil Temperature in S2 and MI , extracted from data loggers. 
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Table 9: Total Monthly Rainfall in Holliston MA from June to November 2011 . 
Monthly Rainfall Holliston MA 2011 
14 
12 
10 
-
:§. 8 
"jij 
-C 6 
"iii 
-+- Rain 
a: 
4 
2 
1.32 
0 
~q, 
...,v 
Table 10: Annual Average Percipitation, Holliston, MA (copied from city-data.com, May, 
2012) 
Precipitation 
Jan Feb Mar Apr May Jun Aug Sep Oct Nov Dec 
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Appendix E: Soil Content Data 
Table 11: Monthly Nitrogen levels in soil (lb/a) 
Nitrogen 
S1 S2 Ml 
June 20 20 20 
July 100 60 150 
August 150 150 150 
September 150 150 150 
October 150 150 150 
November 150 150 150 
Table 12: Comparison of Monthly Nitrogen content in soil. 
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Table 13: Monthl y Phosphorous levels in soil (lb/a). 
Phosphorous 
S1 S2 Ml 
June 10 10 10 
July 10 10 25 
August 25 25 25 
September 25 so 25 
October so so so 
November so so so 
Table 14:Comparison of Monthly Phosphorous content in soil. 
Phosphorous 
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Table 15: Monthly Potassium content in soil. 
Potassium 
S1 S2 Ml 
June 140 120 120 
July 140 120 120 
August 140 220 140 
September 220 400 120 
October 400 400 220 
November 440 460 220 
Table 16:Comparison of Monthly Potassium content in soil. 
Potassium 
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